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AcceptedCadherins are homophilic cell surface adhesion proteins, some of which mediate interactions between
maternal and foetal tissues during mammalian pregnancy. David Haig suggested that these proteins may
exhibit ‘green-beard gene’ effects, whereby the nature of binding between identical alleles in mother and
foetus leads to differential levels of resource transfer. The selfish effects of such self-recognizing alleles
should, however, be suppressed over evolutionary time by unlinked genes, which is expected to lead to
antagonistic coevolution between placentally expressed cadherins and unlinked modifiers. Such molecular
coevolution should leave a signature of positive selection, with high ratios of non-synonymous to
synonymous amino acid substitution. We present evidence that three placentally expressed cadherin genes,
E-cadherin, P-cadherin and VE-cadherin, have been subject to positive selection. By contrast, a ‘control’
cadherin that is not expressed in the placenta, H-cadherin, showed no evidence of selection. These results
provide support for the hypothesis that the cadherin genes involved in maternal–foetal interactions have
been subject to green-beard-effect mutations over the course of evolutionary history, leading to
antagonistic coevolution with suppressing elements from the parliament of genes.
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Maternal–foetal interactions during pregnancy in mammals
are extremely intimate, providing the venue for the transfer
of nutrients from mother to offspring, and the exchange of
cell surface and hormonal signals (Haig 1993). These
interactions are expected to involve complex mixtures of
cooperation and conflict between the effects of genes
expressed in the mother, and the effects of paternal and
maternal genes expressedby the foetal genotype (Haig 1993,
1997, 2000; Hurst et al. 1996), with important conse-
quences for the biochemical interplay between mother and
foetus (Haig & Graham 1991), the risks of pregnancy (Haig
1993, 1999) and the macroevolution of viviparity and
placentation among mammals (Crespi & Semeniuk 2004).
Maternal–foetal interactions develop through the
invasion and modification of maternal tissues by extra-
embryonic foetal tissue (Haig 1993). Many of these
interactions involve molecules expressed by the foetal
genotype that recognize their counterparts in maternal
tissues and vice versa (Campbell et al. 1995). Haig (1996)
proposed that genes coding for cell adhesion molecules
involved in maternal–foetal interactions should be prone
to mutations leading to ‘green-beard’ effects. The term
‘green-beard gene’ was coined by Richard Dawkins
(1976) to describe a phenomenon originally conceived
by William D. Hamilton (1964). Hamilton envisioned an
allele at a single locus (or a ‘supergene’ involving close
linkage of several genes) that caused its bearer to produce
a recognizable trait, to recognize that same trait in other
individuals and to treat those individuals preferentially.
Green-beard effects may play important roles in some
types of signalling (e.g. Queller 1984; Guilford 1988).r for correspondence (summersk@mail.ecu.edu).
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643However, these genes have generally been viewed as
unlikely to play important roles in recognition systems
(Alexander & Borgia 1978) owing to the perceived
implausibility that a single gene or supergene could exhibit
three such functionally diverse effects.
Recent research indicates that green-beard alleles are
more than just a theoretical possibility. In fire ants, specific
alleles in a closely linked group of genes apparently allow
worker recognition of queen genotype, and mediate
genotype-specific aggression (Keller & Ross 1998).
More recently, a single locus, the csA gene in the slime
mould Dictyostelium discoideum, has been demonstrated to
mediate green-beard effects. Specifically, the protein
(gp80) produced by this gene controls cell–cell adhesion
in the context of aggregation, group movement and
sporulation in response to starvation (Crespi & Springer
2003; Queller et al. 2003). Cells with modified versions of
this protein are discriminated against by virtue of the
homophilic attraction mediated by the wild-type protein.
This example provides confirmation of Haig’s (1996)
hypothesis of green beards mediated by homophilic cell
adhesion molecules. However, the question of whether
such molecules exhibit green-beard effects in the context
of maternal–foetal interactions remains unexplored.
A key family of molecules involved in cell adhesion
during maternal–foetal interactions, and cited as a
promising candidate for green-beard effects by Haig
(1996), are the cadherins. Cadherins are a class of cell
adhesion proteins originally discovered in vertebrates
(Hyafil et al. 1980). These proteins are ancient com-
ponents of the animal proteome, and probably evolved
before the origin of animals (King et al. 2003). Awide variety
of cadherins have been identified and characterized, and
the phylogenetic relationships among different types have
been analysed (Gallin 1998; Nollet et al. 2000).q 2005 The Royal Society
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morphogenesis, cell–cell signalling, and the maintenance of
tissue integrity (Edelman et al. 1987; Friedlander et al. 1989;
Klymkowsky & Parr 1995; Wheelock & Johnson 2003).
Cadherins are also important in a wide range of cell–cell
interactions during implantation, placentation and other
maternal–foetal interactions in vertebrates (MacCalman
et al. 1996; Paria et al. 1999; Getsios et al. 2000). In
particular, some cadherins mediate the development of
structures that are necessary for the transfer of nutrients
between the mother and the developingembryo in mammals
(Zhou et al. 1997; Floridon et al. 2000; Shih et al. 2002).
Haig (1996) proposed that cadherins are likely to be
particularly susceptible to the invasion of ‘green-beard’
mutant alleles, because of their roles in inter-cellular
recognition and the transfer of resources from mother to
foetus. Thus, cadherins combine two features that make
them likely to fulfil the requirements of a green-beard
gene: (i) they have modular extracellular domains that
recognize and specifically bind to copies of themselves on
other cells (Blaschuk et al. 1990) and (ii) they have
cytoplasmic domains that allow them to influence cellular
behaviour. Variant cadherins that expressed preferential
self-recognition and interaction across the foetal–maternal
interface, resulting in a beneficial outcome for the foetus,
would constitute green-beard alleles (Haig 1996).
One important feature of green-beard genes is that they
are likely to be in conflict with the interests of other
(unlinked) loci in the genome (Alexander & Borgia 1978).
If the benefits that accrue to offspring with the green-beard
allele are less than the costs imposed on offspring without
the green-beard allele, then the net effect of the green-
beard allele on unlinked genes is negative (Ridley &
Grafen 1981). This kind of conflict is analogous to that
seen in systems of meiotic drive, which led Haig (1996) to
refer to the evolution of green-beard genes in maternal–
foetal interactions as gestational drive. The conflict could
be temporary (i.e. if the green-beard allele goes to
fixation), but it would nevertheless impose some cost on
the ‘parliament of genes’ (Leigh 1971). In response to this
cost, selection would favour modifiers that interfered with
the expression of drive (Haig 1996). Such conflicts can
lead to antagonistic coevolution, whereby changes in the
sequence coding for the green-beard effect that cause the
protein to engage in self-preferential interactions are
suppressed (later in evolutionary time) by changes in the
other, unlinked genes in the genome (Hurst et al. 1996).
Over long periods of evolutionary time, such intragenomic
conflicts may lead to high rates of amino acid change at
specific positions that are involved in the interaction of the
green-beard protein and its suppressors (i.e. molecular
‘red queen’ effects). These changes would generate a
signature of high non-synonymous substitution rates,
relative to rates of synonymous substitution, at key sites
in the genes coding for both molecules involved in the
interaction (Yang & Bielawski 2000).
In this paper, we tested the hypothesis that cadherin
genes expressed in maternal–foetal interactions have been
subject to an evolutionary history of diversifying selection
for high rates of amino acid change. To do so, we collected
DNA sequence data from GenBank on cadherins that are
involved in placentation, and we used these sequences toProc. R. Soc. B (2005)investigate patterns of nucleotide substitution. We also
collected sequence data on a cadherin that is apparently
not involved in maternal–foetal interactions, as the
best form of ‘negative control’ that is currently available.
We predicted that, if green-beard effects have been subject
to selection in these genes, then we should see evidence for
positive selection, which is a molecular signature of
antagonistic coevolution (and other forms of diversifying
selection; Yang 2001). We note here that the green-beard
hypothesis is not the only hypothesis that could explain the
presence of diversifying selection acting on these genes. We
discuss alternative hypotheses in the discussion section.
We focused on cadherins known to play crucial roles in
maternal–foetal interactions in one or more species of
mammals: E-cadherin, P-cadherin and VE-cadherin.
Cadherin 6 and cadherin 11 are also known to be
expressed in this context, but the numbers of available
sequences of these genes were insufficient for analysis.
Several cadherins were identified and characterized in
the 1980s (e.g. Gallin et al. 1983; Schuh et al. 1986).
E-cadherin was identified by Takeichi (1991). Like other
cadherins, E-cadherin is a transmembrane glycoprotein.
It has an extracellular domain consisting of five distinct
modules. Each module is approximately 110 amino acids
long, and contains specific calcium binding motifs. Four
of these modules are highly similar in sequence, whereas a
fifth, membrane-proximal module is divergent from the
other four (Blaschuk et al. 1990). The structure of
E-cadherin has been investigated with X-ray crystal-
lographic analysis and nuclear magnetic resonance
spectroscopy (Overduin et al. 1995; Shapiro et al. 1995a;
Nagar et al. 1996; Pertz et al. 1999), revealing a seven-
stranded beta-barrel structure in each cadherin module.
The ectodomain modules form parallel protein dimers at
the cell surface, which in turn allow the formation of a
zipper-like structure between cadherins on two different
cells, maintaining cell–cell adhesion (Tomschy et al.
1996). The three-dimensional structure characteristic of
E-cadherin is believed to be characteristic of other, closely
related cadherins as well (Overduin et al. 1995; Shapiro
et al. 1995b). E-cadherin is involved in placentation and
invasion of maternal tissues by the trophoblast (Floridon
et al. 2000), although E-cadherin expression appears to be
downregulated during the period in which the trophoblast
is most invasive (Shih et al. 2002). Recent research
indicates that E-cadherin is intimately involved in inter-
action between the embryonic trophoblast cells and the
maternal endometrium (Paria et al. 1999). E-cadherin is
also crucial for terminal differentiation of the trophoblast
(Getsios et al. 2000), which could provide an opportunity
for green-beard effects, as hypothesized by Haig (1996).
P-cadherin is mainly expressed in the placenta (Nose &
Takeichi 1986). Haig (1996) also proposed this cadherin
as a candidate for green-beard effects. VE-cadherin is an
important modulator of the interaction between the
embryonic trophoblast and uterine tissue (Zhou et al.
1997). In particular, VE-cadherin is closely involved in
cytotrophoblast invasion of the maternal vasculature, and
in establishing arterial connections between the embryonic
and maternal circulations. This process involves biochemi-
cal mimicry by the trophoblast tissues, a process mediated in
part via the expression of VE-cadherin (Zhou et al. 1997).
Table 1. Gene regions, species and GenBank accession
numbers.
gene region species GenBank
acc. no.
Cadherins in maternal–foetal interactions K. Summers and B. Crespi 645This could also provide a context conducive to green-beard
effects.
H-cadherin is a member of the neuronal subgroup of
cadherins (Nollet et al. 2000). It is involved in the
development of the heart, and it is not known to be
involved in maternal–foetal interactions.
E-cadherin (CDH1) Homo sapiens NM_004360.2
E-cadherin (CDH1) Bos taurus AY508164.1
E-cadherin (CDH1) Mus musculus X06115.1
E-cadherin (CDH1) Rattus norvegicus NM_031334.1
P-cadherin (CDH3) Mus musculus AK045041.1
P-cadherin (CDH3) Mus musculus AK031265.1
P-cadherin (CDH3) Homo sapiens NM_001793.2
P-cadherin (CDH3) Homo sapiens X63629.1
P-cadherin (CDH3) Rattus norvegicus XM_226426.2
VE-cadherin (CDH5) Mus musculus NM_009868.3
VE-cadherin (CDH5) Sus scrofa AB046120.1
VE-cadherin (CDH5) Bos taurus AY363224.1
VE-cadherin (CDH5) Homo sapiens NM_001795.2
VE-cadherin (CDH5) Rattus norvegicus XM_226213.2
VE-cadherin (CDH5) Pan troglodytes AY413035
H-cadherin (CDH13) Homo sapiens NM_001257.2
H-cadherin (CDH13) Mus musculus NM_019707.1
H-cadherin (CDH13) Rattus norvegicus NM_138889.1
H-cadherin (CDH13) Pan troglodytes AY417901
T-cadherin (CDH13)
(Avian H-cadherin)
Gallus gallus M81779.12. METHODS
We searched for DNA sequences for the cadherins involved in
maternal–foetal interactions during embryonic development,
focusing on multiple sequences from different species,
because the methods we used are designed for comparisons
among species (Yang 1997). Reference sequences for these
regions were obtained via Locuslink on the NCBI website.
One reference (from a species in which the particular
cadherin is known to be involved in maternal–foetal
interactions) was used in a translated protein BLAST
(Altschul et al. 1997) search (tblastn), in which the protein
sequence of the gene is compared with translated sequences
from the GenBank database. Homologous sequences with
high similarity scores from multiple species were chosen to
create a cross-species sequence alignment. For E-cadherin
and VE-cadherin, we were able to find sequences from at least
four different species of mammals for the analyses (four and
six, respectively). For P-cadherin, we could only find
sequences from three different species, but we were able to
find variants at this locus from mice and humans, bringing the
total number of sequences analysed to five.
We constructed multiple alignments from sequences for
each gene region: table 1 shows the species used for each gene
region, with the GenBank accession number for that sequence.
Alignments were created as follows: first, the sequences were
copied from the GenBank database and saved in a textfile in
FASTA format. This file was analysed with the program
REVTRANS (Wernersson& Pederson 2003).This programaligns
DNA sequences by translating them, aligning the protein
sequences and then reverse translating them (maintaining the
codon alignment). This process maximizes the probability that
the codons in each sequence are properly aligned (i.e. aligned
with homologous codons). All alignments used for the analyses
are available from the authors on request. The aligned
sequences were imported into PAUP 4.0b10 (Swofford
2002). A branch and bound search was used to identify the
most parsimonious tree. This tree was then used to calculate the
following parameters via maximum likelihood: base frequen-
cies, transition/transversion ratio, gamma parameter (alpha)
and proportion of invariant sites. These parameter estimates
were then used to parametrize a maximum likelihood analysis of
the phylogenetic relationships of the sequences involved.
A heuristic search was used, with TBR and 100 random
addition-order replicates. The ML tree obtained from PAUP
was imported into TREEVIEW (Page 1996) and edited to ensure
that it was an unrooted tree appropriate for analysis with PAML
(Yang 1997). The tree topologies we found using these methods
were consistent with the phylogenetic relationships of the
species involved, based on recent analyses of mammalian
phylogenetic relationships (reviewed in Springer et al. 2004).
Analyses of the ratios of non-synonymous substitution
rates to synonymous substitution rates, or dN/dS ratios (u)
were carried out with PAML (Yang 1997). The sequence
alignments from REVTRANS were used for the main data fileProc. R. Soc. B (2005)for analyses of positive selection. All analyses used the option
CleandataZ1, which removes gaps in the sequences from
analysis. Hence, regions with sequence data from only some
species were not analysed. The phylogenetic tree obtained
from the PAUP analysis was used as the tree file for a
preliminary analysis in PAML using the one-ratio model
(M0). The estimates of branch lengths produced by this
model were then incorporated into the tree file, and this tree
plus branch lengths file was used as the main tree file for all
subsequent analyses, as recommended by Yang (1997).
Simulation studies indicate that the power and accuracy of
the log likelihood ratio tests (LRTs) used to investigate the
significance of evidence for positive selection increases with
the number and diversity of sequences used (Anisomova et al.
2001, 2002). These simulation studies also indicate that the
tests are robust if the tree length in the analyses is greater than
one substitution per codon. This was the case for the trees
used in this study. The following models were used to analyse
the dataset for each gene region: M0 (single rate model), M1
(neutral model), M2 (basic selection model), M3 (discrete
selection model), M7 (continuous distribution model) and
M8 (continuous distribution plus selection model). Codon
frequencies were estimated from the average nucleotide
frequencies at the three codon positions for all runs, using
the F3X4 model (Yang 1997). We did not use branch-specific
models in our analyses, given the small size of our datasets.
Log LRTs were used to test for significant differences in the fit
of the models incorporating selection relative to their
counterparts that did not allow positive selection (Yang
et al. 2000). These tests are employed by calculating two
times the difference in log-likelihood between two nested
models, and comparing that statistic to a chi-square
distribution. The number of degrees of freedom is deter-
mined by the difference in the number of parameters
estimated in the two models under comparison. We focused
on comparing model 1 results to model 2 results, and model 7
646 K. Summers and B. Crespi Cadherins in maternal–foetal interactionsto model 8, as recommended by Yang et al. (2000). We also
compared model 0 to model 3, as this gives an indication of
the significance of variation in u among sites.
The models used differ as follows (Nielsen & Yang 1998;
Yang et al. 2000): model 0 assumes a single basic rate for all
sites. Model 1 includes a category of sites for which dNZdS
(neutral evolution), in addition to the category of sites with
the basic rate. Model 2 is a discrete model that includes a
category of sites under positive selection, such that dNOdS, a
neutral rate category and a basic rate category. Model 3 uses a
discrete distribution to model heterogeneous variation in the
ratio of dN to dS, and includes a category of sites for which
dNOdS. Model 7 uses a beta distribution to approximate a
continuous distribution of rates across sites, but does not
allow for positively selected sites. Model 8 includes a category
of sites with an approximate continuous distribution of rates
across sites (as in model 7), but also includes a category of
sites for which dNOdS. In order to check that the method
had not converged on a local maximum (leaving a global
maximum undetected) we carried out several runs for each
set of models for each gene, using four values (a fixed value of
1 and initial values of 1, 2 and 5) for kappa (transition/
transversion ratio), and two values (0.4 and 3.14) for omega
(dN / dS ratio). The final likelihoods were compared and the
highest likelihoods taken as the best estimate for each case.
We did not detect any cases where the initial analyses were
trapped on local maxima.
We also used the empirical Bayes method implemented in
PAML to estimate the posterior probabilities that specific
sites are under positive selection (Yang 1997). The Bayes
method allows post hoc identification of the specific sites
(codons) that are under positive selection.3. RESULTS AND DISCUSSION
Analyses of E-cadherin, P-cadherin and VE-cadherin each
yielded evidence for diversifying selection at the molecular
level (table 2 and Electronic Appendix). Both the discrete
approximation selection model (M3) and the continuous
distribution approximation selection models (beta and u:
M8) showed high dN/dS ratios (u) in the selection
category for E-cadherin. The simplest selection model
(M2) did not show a category under positive selection.
However, this model is constrained by necessity of
including a category of neutral sites, and hence may not
include a category of sites under positive selection, even
when one exists. Hence, model 3 and model 8 are more
reliable in discovering the presence of sites under positive
selection (Ziheng Yang, personal communication). In this
case, although both models indicate positive selection, the
distribution of selection differs under the two models
(table 2 and Electronic Appendix). Model 3 indicates a
high proportion of sites (approximately 17%) under mild
positive selection (uZ1.2). In contrast, model 8 showed a
small proportion of sites (!1%) under extremely strong
positive selection (uZ89.4). This extreme estimate of
positive selection is unlikely to be highly accurate, but is
likely to reflect the presence of very strong positive
selection at one or a few sites (Ziheng Yang, personal
communication). The empirical Bayes method reflected
the difference between the two models, with significant
probabilities of positive selection for 40 different sitesProc. R. Soc. B (2005)under model 3, and only a few sites with high probabilities
of positive selection under model 8 (Electronic Appendix).
The total number of sites with high probabilities of
positive selection was 112 for model 3, but only 6 under
model 8. This difference probably reflects the ability of the
beta distribution approximation used in the continuous
approximation (model 8) to account for variation in the
dN/dS ratio that is not well-accommodated by the discrete
approximation model. Nevertheless, it is clear that at least
two sites in this protein (sites 178 and 703) are under
strong positive selection. Log LRTs were highly significant
in both comparisons recommended by Yang et al. (2000):
M2 versus M1 and M8 versus M7. Given that M2 did not
identify any sites under selection, the relevant comparison
is M8 versus M7, which gives a P-value of less than 0.01
with two degrees of freedom when compared with a chi-
square distribution. The comparison of M3 with M0 was
also highly significant. All things considered, there is strong
evidence for the action of diversifying selection on this locus.
The results for P-cadherin also provide evidence for
positive selection. Once again, model 2 does not show a
category under positive selection, but model 3 does, with
approximately 4% of the sites showing an average u of 2.6.
Model 8 gives essentially the same results. The empirical
Bayes approach for both model 3 and model 8 produced
almost identical results, with significant probabilities of
positive selection estimated at six sites for model 3, and for
five of those same six sites for model 8 (the sixth site barely
missed significance). The sites estimated to be under
positive selection were codons 57, 61, 70, 89, 339 and 648.
Each model shows high probabilities of positive selection at
21 sites. Hence, both models identify the same sites as focal
points for positive selection on this molecule. The LRTs
were all highly significant, providing statistical support for
the estimates of positive selection.
The results for VE-cadherin were mixed, although they
did provide some support for positive selection on this
locus. Again, model 2 did not have a category under
positive selection, whereas model 3 showed about 2.6% of
the sites with an average u of 2.01. Model 8 estimated a u
of approximately 2.65 for 1.2% of the sites. The Bayesian
analysis did not show any sites with significant
probabilities of positive selection (sites 13, 39 and 152
came close to significance under the discrete (M3)
model). Also, the LRT comparing model 8 to model 7
did not show a significant difference, so there was no
rigorous statistical support for the action of positive
selection on this locus. The LRT comparing model 3 to
model 0 was highly significant, demonstrating significant
variation in u among sites. Hence, it is apparent that
patterns of selection differ among codons at this locus, but
evidence for positive selection (in which u significantly
exceeds one) is relatively weak.
The analysis of H-cadherin showed no evidence of diversify-
ing selection. None of the three selection models (M2, M3 or
M8) estimated any sites to be under positive selection.
Overall, two out of the three cadherins involved in
maternal–foetal interactions showed strong evidence for
positive selection, in spite of the small sample size of
sequences available for analysis. The third locus (VE-
cadherin) also showed evidence of positive selection,
although statistical support was relatively weak. Given
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648 K. Summers and B. Crespi Cadherins in maternal–foetal interactionsthe small number of sequences analysed, this could be a
problem of insufficient power. Future analyses employing
a larger number of sequences may provide stronger
statistical support for the action of positive selection on
this gene. H-cadherin, which is not known to be involved
in maternal–foetal interactions, did not show any evidence
of positive selection.
Our results indicate that the cadherin genes involved
in maternal–foetal interactions have been subject to
diversifying selection. In turn, this is consistent with the
hypothesis that these cadherin genes have been subject to
green-beard-effect mutations over the course of evolution-
ary history, leading to antagonistic coevolution with
suppressing elements from the parliament of genes. The
main alternative hypotheses to this one are twofold. First,
cadherins may have been subject to positive selection in
the context of maternal–foetal interactions not mediated
by green-beard effects. For example, Crespi & Semeniuk
(2004) describe the evidence for positive selection on
other genes associated with placentation, and Lecuit et al.
(2004) show how a bacterial pathogen can cross the
human maternofoetal barrier via a process mediated in
part by E-cadherin. Second, given that some of the
cadherins involved in maternal–foetal interactions are also
known to be expressed in other tissues, they may have
been subject to positive selection in other contexts, such as
regulation of development (Noonan et al. 2003; Wheelock
& Johnson 2003) or the evolution of vulnerability to pre-
eclampsia (Pang & Xing 2003) or cancer (Ilyas 2000;
Hirohashi & Kanai 2003).
The evolutionary and clinical implications of the green-
beard hypothesis and its alternatives should strongly
motivate further research on cadherin molecular evol-
ution. The green-beard hypothesis can be tested further,
and differentiated from the alternatives, via: (i) studies of
the expected molecular effects of variant amino acids at
the sites inferred to have been subject to positive
selection, (ii) genomic studies that characterize the
within-population haplotype variability in these genes,
(iii) tests for green-beard effects in pregnancies of mothers
heterozygous for placentally expressed cadherins and (iv)
analysis of the molecular evolution of genes that modify
cadherin activity during trophoblast and placental
development.NOTE ADDED IN PROOF
The recommended selection models in PAML have been
changed since this paper was accepted (see documentation
for version 3.14 at the PAML website http://abacus.gene.
ucl.ac.uk/software/paml.html). We have implemented the
modified versions of Model 2 and Model 8, as rec-
ommended in the PAML documentation. The results
remain qualitatively the same as those presented here.
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